Temperature dependence of the Vickers microhardness of Sb 0.2 Bi 1.8 Te 3 single crystals has been studied. Loading time dependence of microhardness at different temperatures has been used for creep study in the temperature range 303-373 K. The activation energy for indentation creep of the crystals has been evaluated.
Introduction
The V 2 -VI 3 (V = Bi, Sb; VI = Se, Te) binary compounds and their pseudo binary solid solutions are highly anisotropic and crystallize into homologous layered structures [1] [2] parallel to the c-axis and are known to find applications ranging from photoconductive thermoelectric devices such as thermoelectric generators, thermocouples, thermo coolers and I.R.Sensors with the best figure of merit near room temperatures [3] [4] [5] [6] [7] . Bi 2 Te 3 finds widespread applications in electronic, microelectronic, optoelectronic and electro-mechanical devices [2] [3] [4] [5] [6] [7] [8] . Its melting point is 573 o C and is a p-type semiconductor. There have been various studies on the bulk and thin film characteristics of Bi 2 Te 3 including optical and electrical properties [9] [10] [11] [12] . However, there is hardly any work reported in literature on the microhardness of Bi 2 Te 3 based pseudobinary crystals. This is particularly so in the case of solid solution, Sb 0.2 Bi 1.8 Te 3. Microhardness is a general micro probe for assessing the bond strength, apart from being a measure of the bulk strength. Further, the impurity addition is also known to modify band gap and microhardness as has been observed by the authors [13] [14] . The present paper reports the results of investigation of the microhardness of Sb 0.2 Bi 1.8 Te 3 single crystals and indentation creep of the cleavage surfaces of these crystals.
Experimental Details
The single crystals were obtained from stoichiometric mixture of the respective elements of 5 N purity, using Bridgman-Stockbarger method. The crystal quality was such that it yielded a fairly plane cleavage surface. The vacuum pressure used to seal the quartz ampoules containing the charge was of the order of 10 -4 Pa, the temperature gradient across the melting point at the lower end was set to 45 o C/cm by controlling the furnace temperature within + 5 o C. It was lowered through the gradient zone at the rate of 0.35 cm/h. The hardness indentations were carried out on freshly cleaved surfaces of samples of at least 2 mm thick, using Vickers diamond pyramidal hardness tester. The indentation diagonals were measured to an accuracy of 0.19 μm using a micrometer eye piece. For the study of load dependence of hardness, the applied load was varied in the range from about 10 mN to 1000 mN. The hardness was calculated using the standard formula
where p is the applied load in mN obtained as the product of the load in gm and g = 9.80 ms -2 , d the average of the two indentation mark diagonal lengths in μm and H v is the Vickers hardness in MPa.
Since this equipment does not provide for high temperature hardness testing, a simple hot stage was prepared which was attached to the hardness tester. The thermocouple was connected to the input terminal of an operational voltage amplifier of gain 100 and the output was read to an accuracy of 1 mV. Before producing the indentation, the specimen to be indented was held at the desired temperature for at least 30 min to achieve thermal equilibrium.
It is known that microhardness has a complex load dependence for small applied loads. The zero load condition was assured to give a maximum loaderror to be 1 mN and a load of 500 mN was selected to minimize microhardness variations due to error in applied load. Data obtained for different indentation times at different temperatures have been used for the creep study on these samples. The results are based on the observations averaged over at least three indentations produced at each variable value and a particular indentation set repeated on two to three samples.
Results and Discussion

Temperature variation of microhardness
For studying the temperature dependence of microhardness, indentations were made at 10 K intervals from room temperature 303 to 373 K on a number of specimens. Fig. 1 shows the plot of ln H v versus T/T m , where H v is the Vickers hardness, T the indentation temperature and T m is the melting point measured both in Kelvin. The plot is a straight line with a negative slope indicating a fast decrease in H v with increase of temperature. The general behaviour may be described by the Shishokin-Ito empirical relation 15, 16 .
where the constant B is known as the softening parameter of the crystal and A is the extrapolated intrinsic hardness. From the graph the softening parameter B is found to be ~132.40 x 10 -4 K -1 .
Creep and activation energy for flow process
In the present study a relation based on the kinetic analysis of the creep process during indentation has been found to be satisfactory and it has been used to evaluate activation energy for creep using the relation 16 .
where, H v is the hardness value at time t, H vo the hardness value immediately after attaining the full load at time t 0 , Q the activation energy for creep, T the absolute temperature and R is the universal gas constant. The plots of ln H v versus ln t obtained at different temperatures are shown in Fig. 2 . It can be seen that ln H v varies linearly with ln t and the slope of the straight line increases with temperature as predicted by Atkins 17 . For each temperature, H vo was obtained for t 0 = 1 sec from the plots in Fig. 2. Fig. 3 shows the plot of ln (H To evaluate Q, the usual method is to find difference between intercepts at two temperatures T 1 and T 2 in these graphs (Fig. 3) and to equate it to (Fig. 4) . Again these curves are straight lines with approximately equal slopes according to Eq. (2). The slope represents the value of -Q/3R. The energy value obtained in the present case, 96.31 kJ/mol, is similar to those at low homologous temperatures in the cases like Ag, Cu, Ni, Co etc. A dislocation pipe diffusion mechanism has been proposed to explain this the observed behaviour 20 . This dislocation loop growth by climb is aided by diffusion in a vacancy supersaturation environment such as existing at low homologous temperatures. The pipe diffusion rather than bulk diffusion is favoured at such temperatures [21] [22] .
